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WiLcox, H. E., and WANG, C. J. K. 1987. Mycorrhizal and pathological associations of dematiaceous fungi in roots of 
7-month-old tree seedlings. Can. J. For. Res. 17: 884—899, 

Colonizing behaviors of five dematiaceous fungi that variously form ectomycorrhizal, ectendomycorrhizal, or pseudomycor- 
rhizal associations with roots were studied at pH 3.0 and 5.7. Species selected were five Hyphomycetes, viz., the three new 
species Phialophora finlandia, Chloridium paucisporum, and Phialocephala fortinii; the well-known Phialocephala 
dimorphospora; and Cenococcum geophilum. Control seedlings and those inoculated with C. paucisporum, P. fortinii, and C. 
geophilum were badly stunted and showed little growth at pH 3, whereas moderate growth of roots and seedlings was exhibited by 
ectendomycorrhizal P. finlandia and pathogenic P. dimorphospora. At pH 5.7, P. fortinii seedlings were mostly dead and those 
with P. dimorphospora were more sparsely developed than at pH 3. The controls as well as the remaining fungal associations 
were healthy at pH 5.7. Phialophora finlandia and C. paucisporum associations were ectendomycorrhizal but C. geophilum 
associations were ectomycorrhizal. The nature of the mycorrhizal association, whether ecto- or ectendo-mycorrhizal, was 
largely controlled by the host. Structures such as sclerotia were determined by the fungus. Anatomical features of the various 
associations are shown in accompanying photographs. 


WiLcox, H. E. et Wang, C. J. K. 1987. Mycorrhizal and pathological associations of dematiaceous fungi in roots of 
7-month-old tree seedlings. Can. J. For. Res. 17:884—899. 

Les auteurs ont étudié le comportement colonisateur de cinq espèces de champignons dématiés qui forment de façon variable 
des ectomycorhizes, des ectendomycorhizes ou des pseudomycorhizes avec les racines d'arbres. L'étude a été effectuée à pH 3,0 
et 5,7, en utilisant cinq espéces sélectionnées d'Hyphomycétes, incluant les trois nouvelles espéces Phialocephala finlandia, 
Chloridium paucisporum et Phialacephala fortinii, l'éspéce bien connue Phialocephala dimorphospora et Cenococcum 
geophilum. Les plants témoins et ceux qui ont été inoculés avec C. paucisporum, P. fortinii et C. geophilum étaient fortement 
rabougris et ne montraient que peu de croissance à pH 3,0, alors qu'une croissance modérée des racines et des plants pouvait étre 
observée avec le champignon ectendomycorhizien P. finlandia et le champignon pathogène P. dimorphospora. A pH 5,7, les 
plants inoculés avec P. fortinii étaient presque morts et ceux ayant reçus P. dimorphospora étaient plus faiblement développés 
qu'à pH 3,0. Les plants témoins ainsi que ceux inoculés avec les autres champignons étaient en santé au pH 5,7. Avec les P. 
finlandia et C. paucisporum, l'association était ectendomycorhizienne alors qu'elle était ectomycorhizienne avec le C. 
geophilum. La nature de l'association à savoir ecto- ou ectendo-mycorhizienne est fortement contrôlée par l’höte alors que les 
structures telles que les sclérotes le sont par le champignon. Plusieurs photographies illustrent les caractéristiques anatomiques 
des diverses associations. 

[Traduit par la revue] 


A pH of 3.0 was selected as the lowest value and 5.7 was 
selected as an upper value. Previous experiments have shown 
the latter value was optimal for most ectomycorrhizal syntheses 
(Marx and Zak 1965). 

The purpose of the present paper is thus twofold: (i) to 
describe the various symbiotic associations to afford means of 
recognizing and distinguishing between these dematiaceous 
fungi, which are often confused with one another; and (ii) to 
report the effects of low pH on the growth of seedlings and the 
colonization of their roots by the various dematiaceous fungi. 


Introduction 


We have reported from time to time the identity of mycor- 
rhizal fungi isolated from the roots of conifers and on their 
ability to form ecto- and ectendo-mycorrhizae with various 
coniferous hosts (Wilcox and Ganmore-Neumann 1974; Yang 
and Wilcox 1984; and Wang and Wilcox 1985). The present 
report describes in greater detail the colonizing behavior of five 
dematiaceous fungi, viz., the three new species Phialophora 
finlandia Wang and Wilcox, Chloridium paucisporum Wang 
and Wilcox, and Phialocephala fortinii Wang and Wilcox; the 
well-known fungus Phialocephala dimorphospora Kendrick; 


and Cenococcum geophilum Fr. These particular fungi are of Materials and methods 


interest because their symbiotic associations with plant roots 
show gradation from antagonistic to mutualistic. They form 
associations recognizable as ectomycorrhizal (C. geophilum 
and P. finlandia), ectendomycorrhizal (P. finlandia, and C. 
paucisporum), and pseudomycorrhizal to pathogenic (P. dimor- 
phospora and P. fortinii). The developmental characteristics of 
these associations with various hosts were studied by mycor- 
rhizal synthesis cultures for time periods varying from 4 months 
to over 2 years. 

These dematiaceous fungi were common inhabitants of roots 
collected from extremely acid sites. For this reason and because 
of the current interest in acid precipitation, it was decided to 
study the development of these associations at varying low pHs. 


Printed in Canada / Imprimé au Canada 


The procedure for monoxenic culture of mycorrhizal seedlings in 
this investigation was a modification of that recommended by Marx and 
Zak (1965). Syntheses were performed in 2-L flasks with 820 mL of 
vermiculite and 180 mL of peat moss. The pH 3.0 substrate was 
prepared by adding 245 mL of double-distilled water plus 24 mL of 1 N 
sulfuric acid and 6 mL of 1 N nitric acid in each flask. Flasks were 
autoclaved for 90 min. Then 275 mL of double-strength Marx—Melin— 
Novkrans (MMN) solution adjusted to 3.0 were added to each flask 
(Marx and Zak 1965). The pH adjustment was made by the addition 
(drop by drop) of an acid mixture made up to approximate the acid 
components of rainfall reported to occur in the Northeast (Setliff and 
Manion 1980). This acid solution was a 6:3:1 mixture of 0.5 N sulfuric 
acid — 0.5 N nitric acid — 0.05 N hydrochloric acid. The flasks were 
reautoclaved for 15 min. 
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The same amount of vermiculite and peat was used in the pH 5.7 
flasks and the flasks were autoclaved for 90min with 275 mL of 
double-distilled water and an additional 15 min with 275 mL of 
double-strength MMN acidified with a lesser amount of the same acid 
mixture as above. 

The fungi studied were as follows: Phialophora finlandia Wang 
and Wilcox (FAG-15), Chloridium paucisporum Wang and Wilcox 
(BDD-22), Phialocephala fortinii Wang and Wilcox (FAP7); Ceno- 
coccum geophilum Fr. (no. 155) from the U.S. Department of 
Agriculture, Beltsville, isolated by Worley; and Phialocephala dimor- 
phospora Kendrick (DAOM 1655562) from the National Mycological 
Herbarium, Ottawa, Canada, and (P-113) isolated from Southern 
yellow pine utility poles by Wang and associates. 

Seeds of Pinus resinosa Ait., Picea rubens Sarg., and Betula 
alleghaniensis Britton were sterilized for 20min in full-strength 
hydrogen peroxide (30%) and grown aseptically in tubes on 1.596 agar. 
Seedlings were transferred to the flasks after 6—8 weeks, depending on 
the species and seedling development. They were inoculated at the time 
of planting by an inoculum consisting of two 1- to 1.5-cm discs from an 
active colony of the fungus growing in petri plates on an agar-MMN 
medium. Six flasks were prepared for each combination of host and 
fungus. 

The flask culture syntheses comprised a series of experiments over a 
3-year period. Four experiments were performed, but only three 
involved the host and fungal combinations reported here. The reported 
experiments are as follows. (1) December 1982 — July 1983: Pinus 
resinosa with Cenococcum geophilum, Phialophora finlandia, Phialo- 
cephala fortinii (FAP-7), and P. dimorphospora (DAOM 1655562). 
(2) December 1983 — July 1984: P. resinosa and P. rubens with C. 
geophilum, P. finlandia, C. paucisporum, and P. dimorphospora 
(P-113). (3) March-October 1984: B. alleghaniensis with P. finlan- 
dia, C. paucisporum, and C. geophilum. 

For P. dimorphospora in experiment 2, the more vigorously 
growing isolate P113 from utility poles was substituted for the weakly 
growing isolate 165556a from DAOM, Ottawa. In experiment 3, flask 
cultures were limited to the mycorrhizal fungi because of difficulties in 
obtaining enough sterilized seed. No tests were made with the 
pathogens P. dimorphospora and P. fortinii. 

Seedlings were harvested 7 months after inoculation. Samples of 
substrate were placed on nutrient agar plates to check for sterility and to 
reisolate the fungi, and the final pH was determined for each flask. 
Seedling root systems were washed free of substrate and the entire 
seedling was copied on a standard photocopy machine for a record of 
development. Photographs were prepared of root systems and portions 
of root systems. The morphological features of the heterorhizic root 
system of P. resinosa (Wilcox 1968) were further evaluated by 
compiling measurements of lengths of primary roots, cumulative 
lengths of first-order laterals, cumulative lengths of second-order 
laterals, and total numbers of short roots for each seedling and 
treatment. 

Portions of root systems were selected, marked on the photocopies, 
and prepared for examination by standard microtechnique procedures 
as adapted to mycorrhizal investigations (Wilcox 1982). Root/shoot 
ratios were determined and roots and shoots were analyzed separately 
for elements. 

The results presented in this paper are based principally on growth 
responses as shown on the photocopies and on the microscopic 
examinations of each root-fungus association. Presentation of quanti- 
tative data on growth and elemental compositions of seedlings and 
substrates will be presented in another paper. 


Results and observations 


Phialocephala dimorphospora 

Phialocephala dimorphospora is a weak pathogen that 
invaded roots indiscriminately throughout the root system in 
both red pine and red spruce seedlings. It principally colonized 
the cortex (Figs. 1, 2, and 4) but occasionally invaded the stele 
(Fig. 3). Shoots of seedlings inoculated at a substrate of pH 3 


appeared healthy and considerably more vigorous than control 
seedlings at this pH (Figs. 33 and 34). Roots were likewise more 
vigorous at pH 3 in infected seedlings than in controls, but many 
of the short thickened laterals showed symptoms of damage 
from the low pH. At pH 5.7 shoots of infected seedlings were 
smaller than the controls in pine (Fig. 33) and larger than the 
controls in spruce (Fig. 34). Root systems were either com- 
parable or somewhat larger than in uninfected controls in both 
species. The inverse relationships between root and shoot 
development make generalizations hazardous; however, by and 
large, infected seedlings at pH 3 were healthier than those at pH 
5.7 (Figs. 33 and 34). Thus inoculation of seedlings with P. 
dimorphospora at pH 3 enabled them to survive and develop at a 
pH where uninoculated seedlings barely existed. 

Although P. dimorphospora invaded both hosts at both pHs, 
the invasion was more extensive in pine than spruce (Figs. 1, 2, 
3, and 4). Nevertheless in pine, the fungus remained mostly in 
the cortex, whereas in spruce it exhibited pathogenicity by 
frequently invading the stele (Fig. 3). In pine, fungal coloniza- 
tion of the cortex varied from a sparse and scattered intracellular 
infection (Fig. 1) to a heavy intracellular infection concentrated 
in the epidermis (Fig. 2). The fungus sometimes developed 
intercellularly in the outer cortex. In some roots hyphae invaded 
a few endodermal cells, forming a network of fine hyphal 
branches. The appearance of infection pegs in other endodermal 
cells indicated that invasion of these cells was not always suc- 
cessful. Hyphal pads composed of aggregations of conidiophores 
were common on the root surfaces of pine (Fig. 2) but were 
less frequent in spruce (Fig. 4). 


Phialocephala fortinii 

Phialocephala fortinii was a more serious pathogen than P. 
dimorphospora. Seedlings of both red pine and red spruce 
inoculated at pH 3 survived for 7 months but were stunted and 
malformed. The spruce were more severely affected than the 
pine, appearing nearly moribund, whereas the pine showed 
some growth accompanied by recognizable patterns of tissue 
development in root transections (Fig. 33). At pH 5.7 the 
inoculated spruce failed to grow and were mostly dead at 7 
months. Consequently spruce seedlings with P. fortinii were 
unavailable to photocopy for presentation in Fig. 34. The pine 
appeared poorer at pH 5.7 than at pH 3 and many were dead after 
7 months. 

Red pine roots infected with P. fortinii showed considerable 
stelar invasion (Fig. 6). In the larger diameter roots the hyphae 
often appeared in root transections as small, circular cross 
sections scattered in the small intercellular spaces (Fig. 5). In 
the smaller roots the stele showed considerable cellular lysis. In 
extreme cases only the thick-walled primary xylem cells 
appeared intact. The remaining tissues were digested by the 
fungus. 

The invading hyphae aggregated and differentiated in various 
regions of the cortex forming distinctive structural patterns. A 
common pattern seen in root cross sections was that of a 
uniseriate circle of contiguous cortical cells surrounding the 
endodermis filled with tightly packed spherical structures, most 
likely some form of chlamydorspore (Fig. 5). Occasionally a 
uniseriate encircling ring of packed cells occurred immediately 
below the sparsely invaded tanniferous epidermal layer. Addi- 
tional complexity of structure was seen in roots of low 
branching order and large diameter, such as primary roots and 
major first-order laterals. In these the fungus appeared to 
stimulate periclinal divisions of the inner cortex, forming lenses 
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Fics. 5-6. Colonizing behavior of Phialocephala fortinii in roots of 7-month-old P. resiriosa seedlings. Fig. 5. Transection of first-order lateral 
at pH 5.7 showing longitudinally oriented hyphae within the cortical cells and densely packed chlamydospores in the endodermis and inner cortex. 
Periclinal divisions in the outer pericycle represent early periderm formation provoked by the fungus are strong evidence of pathogenicity. X620. 
Fig. 6. Transection of a short root at pH 5.7 showing a thick fungal mantle and intercellular penetration resembling formation of a Hartig net. Note 


stelar invasion of hyphae and dissolution of stelar tissues. X 600. 


of fungal packed cells (Fig. 5). The pattern within the expanded 
areas generally consisted of radial rows of chlamydospore- 
packed cells as viewed in transections. In extreme cases the 
cellular organization of the cortex became obscured and the 
fungus appeared as nests of radially elongated hyphae within a 
broad zone of disorganized or weakly patterned hyphae and 
crushed cortical cells. 

Inlarge diameter roots, stelar invasion appeared to be delayed 
until the cortical cells were extensively colonized. These roots 
appeared to resist invasion, and the presence of heavily 
colonized cells in the inner cortex subjacent to the endodermis 
appeared to stimulate periclinal divisions in the pericycle 
abutting the endodermis. These new cells constituted a wound 
periderm as indicated by the presence of suberin lamellae 
revealed by the fluorescence microscope. Ultimately the fungi 
invaded the stele, but most of these larger roots managed to 
escape extensive damage of vascular tissues. 


In small diameter roots such as those that would normally 
become mycorrhizal with mutualistic symbionts, the fungal 
damage to stelar tissues was extensive (Fig. 6). In those roots 
that appear monarch with a very small island of xylem in the 
center of the stele, the thick-walled tracheids were the only 
root cells to retain integrity. Such roots were probably not 
functional. 


Chloridium paucisporum 

Investigations of C. paucisporum at substrate pH 3.0 and 
5.7 on red pine revealed that the fungus made little growth in 
the flasks at the lower pH but grew vigorously at pH 5.7. 
Mycorrhizae were formed at pH 5.7 with the characteristics 
shown in Figs. 7, 8, and 9. Mycorrhizal infection in the weakly 
developed seedlings of Fig. 33 was less extensive and con- 
spicuously ectendomycorrhizal (Fig. 10). 

The investigations at the above pHs were also extended to 


Fics. 1-4. Colonizing behaviour of Phialocephala dimorphospora in roots of 7-month-old Pinus resinosa and Picea rubens seedlings in flask 
culture. Fig. 1. Transection of P. resinosa short root at pH 5.7 showing a heavy black mantle and rudimentary intercellular invasion, indicative of a 
pseudomycorrhizal relationship. x 700. Fig. 2. Longisection of P. resinosa second-order lateral at pH 5.7 showing intracellular invasion of cortical 
cells and fungal conidiophores (co) on the root surface. X430. Fig. 3. Transection of P. rubens second-order lateral at pH 3.0 showing the 
deteriorating cortex with scattered intracellular hyphae and fungal invasion of the stele. x 680. Fig. 4. Transection of P. rubens third-order lateral 
with intracellular hyphae and fungal conidiophores (co) on the root surface. X440. 
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yellow birch and red spruce. In both of these hosts the fungus 
formed ectomycorrhizae with less frequent intracellular infec- 
tions than in pine, those in yellow birch being discussed first. 

Seven-month-old yellow birch seedlings showed similar 
responses to pH as those shown in Figs. 33 and 34 for pine and 
spruce, but the seedling root systems were too fibrous to present 
in a similar pictorial plate. Root systems were densely branched 
at both pHs. Those at pH 3.0 were much shorter with larger 
numbers of large diameter and weakly branched first-order 
laterals arising from a stunted tap root. This tufted appearance 
probably resulted from repeated root dieback. Mycorrhizae 
could not be found at pH 3.0, and although inconspicuous, 
could be found scattered through the pH 5.7 root system. 

Anatomical investigations of the pH 5.7 root system in birch 
showed both mycorrhizal and pathogenic infections. The fungal 
invasion occurred by intercellular penetration between the 
radial walls of the root epidermis (Figs. 11, 12, and 13) 
following buildup of a surface mantle. The Hartig net could 
attain considerable thickness, but the depth of its inward 
penetration in the cortex appeared to be limited by the presence 
of phi thickenings (Fig. 13). Extreme radial elongation of 
epidermal cells did not occur like the ones seen in other 
ectomycorrhizal infections of birch. The anomalous appearance 
of these ectomycorrhizae together with the occasional invasion 
of hyphae into the apical meristems of long roots (Fig. 14) 
indicated that C. paucisporum was pseudomycorrhizal in 
yellow birch. 

In red spruce, C. paucisporum formed ectomycorrhizae with 
similar characteristics at both pH 3 and 5.7. However, the lower 
pH resulted in considerably less seedling growth than the higher 
pH (Fig. 34). At pH 5.7, the seedlings were well developed and 
thrifty in appearance. 

Although ectomycorrhizal in character, spruce mycorrhizae 
with C. paucisporum at pH 5.7 had one feature commonly 
ascribed to ectendomycorrhizal infections, which is the lack of a 
fungal mantle on the root surface (Fig. 15). The Hartig net, 
however, was normal in appearance, fine textured, relatively 
thick, and extended to the endodermis. Hartig nets occurred in 
roots of large as well as small diameter. The net sometimes 
doubled in thickness following its initiation and became a 
dominant mycorrhizal feature. 

The meager root system of spruce at pH 3.0 also showed 
mycorrhizal development with C. paucisporum, but the asso- 
ciation showed abnormal features compared with those at pH 
5.7. Mycorrhizal developing on the more acid substrate often 
showed the accumulation of a fungal mantle on the root sur- 
face, a necrotic-appearing epidermal layer, and an irregularly 
developed Hartig net (Fig. 16). 


Phialophora finlandia 

Phialophora finlandia Wang & Wilcox formed ectendomy- 
corrhizal associations at pH 5.7 with Pinus resinosa and 
ectomycorrhizal associations with Picea rubens and Betula 
alleghaniensis. At pH 3.0, the root system of P. resinosa and P. 
rubens were mycorrhizal and larger at 7 months than the other 


fungal associations, except for P. dimorphospora (Figs. 33 and 
34). The root systems of B. alleghaniensis (not shown) at pH 
3.0, although extensive, were not mycorrhizal. 

The present account is limited to a brief description of 
mycorrhizal associations of this fungus with the three host 
species at pH 5.7 and the effects of the pH 3.0 substrate on the 
formation of mycorrhizae in pine and spruce. A much more 
detailed account of mycorrhizal development in all three host 
species with P. finlandia is presented elsewhere (Wilcox and 
Wang 1987). 

The mycorrhizal infection of P. finlandia on P. resinosa was 
variable in appearance, with the fungus occurring throughout 
the root system in roots of all orders. Intracellular infections, 
suggesting ectendomycorrhizae, occurred throughout the cortex 
or were limited to various regions of the cortex. At times intra- 
cellular infection was absent and the root structure appeared 
typically ectomycorrhizal (Fig. 18). Observations of develop- 
mental stages of intracellular hyphae showed that they arose 
from projections through the cell wall from the Hartig net, and 
that these projections might be few or they might cover much of 
the inner surface of the cell wall. The projections sometimes 
budded profusely and produced clusters of spherical bodies 
throughout the cell (Fig. 17). However, these usually remained 
loosely packed and did not completely fill the cell. 

In addition to the randomly distributed clusters of spherical 
hyphae, a sclerotial-like inclusion (Fig. 17) was often formed in 
cells of the cortex next to the endodermis. This structure 
Occurred in one or more cells, most commonly radially opposite 
the protoxylem positions as viewed in root transections, and 
occasionally formed in a circle in all inner cortical cells that 
abutted the endodermis as viewed in transection. The individual 
cells were completely filled with hyphae to form a dense structure 
of a radially aligned hyphae. The growth of this hyphal mass 
stretched the cell causing it to become irregular in shape and to 
project into neighboring cells. Often when only two or three 
sclerotial cells were adjacent, they coalesced to form a larger 
compacted hyphal mass. The function of these bodies is not 
known, but in cleared roots they could be seen extending in an 
axial direction for distances of a few millimetres to more than a 
centimetre. 

The above features of the fungl-root association in red pine 
were seen at both pH 5.7 and 3.0, with effects of the low 
substrate pH difficult to separate from the normal variability. 
The mycorrhizal roots at pH 3.0 appeared to be shorter and more 
swollen than those at pH 5.7 (Fig. 33), the root- fungus 
association being more frequently ectendomycorrhizal at pH 
5.7 (Fig. 17) and ectomycorrhizal at pH 3.0 (Fig. 18). In both 
cases fungal mantles were usually absent on the root surfaces. 
Sclerotia existed at both pHs. At pH 3.0, the sclerotia often 
appeared intercellularly, which, combined with a Hartig net of 
irregular thickness, contributed a ragged appearance to an 
otherwise ectomycorrhizal root (Fig. 18). 

In red spruce (Fig. 19) and yellow birch (not shown), P. 
finlandia formed mycorrhizae, which differed from those of 
pine by being predominantly ectomycorrhizal with only spor- 


Fiss. 7-10. Colonizing behavior of Chloridium paucisporum in roots of 7-month-old P. resinosa seedlings. Fig. 7. Longisection of long root 
apex at pH 5.7 showing growth inactivity and possessing inter- and intra-cellular infections immediately subjacent to the apical meristem. х 650. 
Fig. 8. Longisection of meristem region of an ectomycorrhizal short root at pH 5.7 showing a fungal mantle (т) enveloping the root apex and a 
Hartig net (п) developed close to the meristem. Root meristem is recently active. x700. Fig. 9. Transection at pH 5.7 showing typical 
ectomycorrhizal structure with thick fungal mantle and a Hartig net (7?) penetrating to the endodermis. Phase micrograph of a freehand section. 
X670. Fig. 10. Transection at pH 3.0 showing typical ectendomycorrhizal structure with a thinner fungal mantle (т) and both Hartig net and 
intracellular infection (ih). Phase micrograph of a freehand section. х 670. 
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FiGs. 15 and 16. Colonizing behavior of C. paucisporum in roots of 7-month-old Picea rubens seedlings. Phase micrographs of freehand 
sections. Fig. 15. Transection of a second-order lateral at pH 5.7 showing a typical ectomycorrhizal structure with a complete Hartig net (п) but 
without a mantle. X530. Fig. 16. Transection of a second-order lateral at pH 3.0 showing a Hartig net (п), a thin mantle (m), and a 


necrotic-appearing epidermal layer. X650. 


adic intracellular hyphae. However, sclerotial bodies such as 
those described for pine were also found in the inner cortex of 
both species. Despite these similarities in red spruce and yellow 
birch, there were also a number of distinctive differences in their 
mycorrhizae. In yellow birch, the Hartig net was largely 
restricted to the root epidermis and the epidermal cells elongated 
radially and obliquely to the root surface, which was also typical 
of previously described dicotyledonous ectomycorrhizae. 

In spruce, the Hartig net extended throughout the cortex, and 
the fungus had little effect on the radial dimensions of cortical 
cells; the overall appearance was typical of ectomycorrhizae in 
the Pinaceae. Nevertheless, despite the traditional ectomycor- 
rhizal appearance of red spruce with a thick fungal mantle and 
a prominent Hartig net, the fungus at times invaded stelar tissues 
(Fig. 20). Although this was most noticeable at pH 3.0, the 
differences between Figs. 19 and 20 are not unequivocally pH 
effects. The qualitative and quantitative variations with pH are 
similar to those encountered in pine, with thicker roots, more 
irregular Hartig nets, and somewhat fewer fine-root mycor- 
rhizae at pH 3.0 than at pH 5.7. 


Cenococcum geophilum 

It is widely accepted that the fungus C. geophilum is 
responsible for glossy black mycorrhizae with straight, un- 
branched hyphae radiating from their surfaces. These mycor- 
rhizae are found in a wide range of hosts worldwide (Trappe 
1964). Cenococcum geophilum was included in the present 
investigations because of the confusion that still exists regarding 
its relationship to other black mycorrhizae and because of its 
reported ability to grow over the pH range 2.4–7.0 (Mikola 
1948). 

The strain of C. geophilum used in our experiments was 
originally isolated from Pinus virginiana Mill. mycorrhizae 
by Worley and Hacskaylo (1959). Contrary to expectation, 
seedling growth and mycorrhizal development were very poor 
at pH 3 in each of the three hosts: red pine (Fig. 33), red spruce 
(Fig. 34), and yellow birch (not shown). Mycorrhizae were not 
seen at pH 3.0 in the impoverished root systems of spruce and 
birch, but they were found in the poorly developed root system 
of pine. The photomicrographs of Figs. 23 and 24 show the 
characteristics of mycorrhizae at pH 3.0, which differed in few 


Fics. 11-14. Colonizing behaviour of C. paucisporum in roots of 7-month-old Betula alleghaniensis seedlings at pH 5.7. Fig. 11. Transection 
showing early development of a Hartig net (n) between radial walls of the epidermal cells from a hyphal mantle (m) on the root surface. x 750. Fig. 
12. Longisection showing early development of a bulbous Hartig net (п) along transverse end walls between epidermal cells from a mantle (m) on 
the root surface. X 1000. Fig. 13. Transection of mycorrhizal root showing thick Hartig net (п) limited in its radial extension by phi (p) thickenings 
in the cortex. X700. Fig. 14. Longisection of long root apex showing fungal hyphae invading apical meristem (m). X 700. 
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characteristics from those produced at 5.7. The mantles were 
generally thicker and intracellular hyphae were found in cells of 
the cortex. Fungal invasions of stelar tissues occurred infre- 
quently at both pHs. 

The characteristics of ectomycorrhizae produced at pH 5.7 by 
C. geophilum in P. resinosa (Figs. 21 and 22), P. rubens (Figs. 
25-28), and B. alleghaniensis (Figs. 29-32) are presented to 
show some of the distinguishing characteristics of this mycor- 
rhiza from those formed by other dematiaceous fungi. Inasmuch 
as all of these fungi may produce glossy black mantles, it is 
evident that many of the reports of C. geophilum may in fact 
apply to other dematiaceous species. 


Discussion and conclusions 


The foregoing descriptions demonstrate that dematiaceous 
fungi form a continuum of symbiotic phenomena from mycor- 
rhizal association to pathogenicity. This continuum has been 
discussed by Wilcox (1983) in relation to the growth and 
developmental characteristics of woody root systems. 

Each of the present fungi can be classified into one or 
more of the following categories of root-fungus association. (i) 
Ectomycorrhizae: C. geophilum and P. finlandia. (ii) Ecten- 
domycorrhizae (a variant of ectomycorrhizae): P. finlandia and 
C. paucisporum (in spruce and pine). (iii) Pseudomycorrhizae 
(weak pathogens with some morphological traits of ectomycor- 
rhizae): C. paucisporum in birch and P. dimorphosphora and 
P. fortinii. (iv) Root-inhabiting pathogens: P. dimorpho- 
spora and P. fortinii. The situation of C. paucisporum in 
B. alleghaniensis is particularly noteworthy. The anomalous 
appearance of the mycorrhizae formed, the restricted nature of 
mycorrhizal infection in the root system, and the occasional 
invasion of hyphae into the apical meristems of large diameter 
roots (Fig. 14) indicate that C. paucisporum may be of limited 
beneficence to yellow birch. 

The anatomical studies provide details on the ways in which 
weak parasites enter into so-called pseudomycorrhizal associa- 
tions, e.g., P. dimorphospora (Fig. 1). It is obvious that 
the boundaries between pseudomycorrhizal infections and 
pathological ones are only a matter of degree. Likewise 
distinctions between ectomycorrhizal and ectendomycorrhizal 
associations are difficult to maintain. The same fungus may 
change from one type of association to the other not only in 
different host species but also within a single host species, the 
same root system or the same root branch. The fungal invasion 
of C. paucisporum in P. resinosa passes through three 
successive stages of development during 7 months after 
inoculation (Wilcox and Ganmore-Neumann 1974). At 3 


months the infection was intracellular, changing abruptly to an 
intercellular ectomycorrhizal infection after 5 months. A gradual 
thickening of the intercellular Hartig net was accompanied by 
the penetration of hyphae into the cortical cells, forming 
distinctive ectendomycorrhizae by the end of 7 months. 

Chloridium paucisporum in B. alleghaniensis shows further 
evidence of its ability to change from one type of association to 
another, in this case from pseudomycorrhizal to pathogenic. 

Confusion has also arisen from failure of most investigators 
to realize that black imperfect fungi such as P. finlandia and C. 
paucisporum can produce black mycorrhizae. References in the 
literature to color changes in the mantle color of Cenococcum 
mycorrhizae (Park 1970; Giltrap 1983) undoubtedly relate to 
some other fungus such as P. finlandia, which can go through 
such color changes; C. geophilum cannot because its mantle is 
always black. 

It is necessary to resort to microscopic examination to 
distinguish the mycorrhizae of C. geophilum from those of the 
other black fungi. The hyphae on the surface of the mantle in C. 
geophilum show a distinctive pattern of elongated hyphae 
radiating from clusters of isodiametric cells (Fig. 26). In 
transverse sections the mantle hyphae are dark and thick walled 
(Figs. 21, 22, 23, and 24), while the hyphae in the inner Hartig 
net have a narrow diameter and are thin walled (Figs. 22 and 
28). The features of C. geophilum mycorrhizae illustrated in 
this paper. are particularly germane to the recognition of 
distinctions from other dematiaceous fungi. For other details of 
Cenococcum mycorrhizae, the publications of Mikola (1948), 
Trappe (1962), and Chilvers (1968) should be consulted. 

Similarities between nonmycorrhizal and mycorrhizal de- 
matiaceous infections may also lead to confusion. For example, 
the early development of Phialocephala dimorphospora (Fig. 
1) strongly resembles that of Cenococcum geophilum (Fig. 21) 
ata similar stage. Comparative studies play an important role in 
avoiding serious mistakes in ecological studies of mycorrhizae. 

Purists in the ectomycorrhizal field have often insisted that a 
fungus is disqualified as mycorrhizal if it enters stelar tissues. 
Others have held that mutualism is a form of reciprocal 
parasitism that becomes unbalanced on occasion, permitting the 
fungus to became virulent and act as a pathogen. The results of 
the present investigation reveal that the differences between 
mycorrhizal fungus and pathogen may be even more tenuous 
than realized. What are we to make of a fungus that continues to 
benefit growth while it occasionally wanders into the stele? 

This straying tendency is not restricted to black imperfect 
fungi nor to those that fluctuate back and forth between 
ectomycorrhizal and ectendomycorrhizal associations. We have 


Fics. 17-20. Colonizing behavior of Phialophora finlandia in roots of 7-month-old seedlings of Pinus resinosa and Picea rubens. Fig. 17. 
Transection of P. resinosa short root at pH 5.7 showing ectendomycorrhizal structure. Details shown are Hartig net (п), fungal inclusions (f), and 
sclerotium (s). X 700. Fig. 18. Transection of P. resinosa short root at pH 3.0 showing irregular Hartig net (п) and intercellular sclerotia (s). X 700. 
Fig. 19. Transection of an ectomycorrhiza of P. rubens at pH 5.7. X 800. Fig. 20. Transection of second-order lateral of P. rubens at pH 3.0 
showing Hartig net (7) and fungal invasion of stelar tissues (sh), indicating pathogenicity. X420. | 

Fics. 21-24. Colonizing behavior of Cenococcum geophilum in roots of 7-month-old Pinus resinosa seedlings. Fig. 21. Transection of short 
lateral at pH 5.7 showing mantle of thick-walled hyphae and intercellular penetration between radial walls of the epidermis. х 630. Fig. 22. 
Transection of ectomycorrhiza formed at pH 5.7. Note thick, black mantle and thin Hartig net (п). X420. Fig. 23. Longisection of meristematic 
apex of an ectomycorrhiza formed at pH 3.0. Note thick mantle encircling apex. X420. Fig. 24. Transection of mycorrhiza formed at pH 3.0 with 
thick mantle and extensive intracellular invasion of two cells in the inner cortex. X420. 

Fics. 25-28. Colonizing behavior of C. geophilum in roots of 7-month-old P. rubens seedlings at pH 5.7. Fig. 25. Morphological appearance 
of monopodial mycorrhizae along their mother root. x 12. Fig. 26. Hyphal configuration at the surface of the mantle showing the stellate diagnostic 
pattern seen on all Cenococcum mycorrhizae. X420. Fig. 27. Transection of ectomycorrhiza showing the relatively small area occupied by the stele 
(s) as compared with that of the cortex (c). х 330. Fig. 28. Enlargement of Fig. 27 showing details of mantle (т), Hartig net (п), endodermis (e), 
and monarch xylem (x). X620. 
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Fic. 33. Seven-month-old seedlings of red pine showing effects of pH and mycorrhrizal fungi on growth. 


observed occasional stelar invasions by otherwise normal 
ectomycorrhizal fungi, including both the ascomycetous Ceno- 
coccum geophilum and the basidiomycetous Piloderma bicolor 
(Peck) Julich (H. E. Wilcox and C. J. K. Wang, unpublished). 
These observations suggest that it is time to reexamine more 
carefully the developmental characteristics of ectomycorrhizal 
fungi, looking at colonizing behaviors within the entire root 
system rather than only at well-developed mycorrhizae. 

A few remarks should be made regarding the results obtained 
at the extremely high acidity of pH 3.0. The fact that black, 
imperfect dematiaceous fungi are commonly isolated from 
coniferous roots growing on sites at extremely low pH led to the 
expectation that they might be better adapted to pH stress than 
most ectomycorrhizal types. The early reports of Mikola (1948) 
that a strain of Cenococcum geophilum formed mycorrhizae 
over the pH range 2.0—7.4 fitted this expectation. 

The results reported here show that the imperfect dematia- 
ceous fungi are apparently neither more nor less acidophilic 
than the better-known basidiomycetous ectomycorrhizal fungi. 


Also, the strain of Cenococcum geophilum that we tested did not 
tolerate as low a pH as those reported by Mikola. The existence 
of numerous strains of C. geophilum adapted to different levels 
of pH in vitro has been reported recently by Hung and Trappe 
(1983). 

Itis especially noteworthy that of the two fungi that promoted 
survival of the seedlings in flask culture at pH 3.0, one was 
ectendomycorrhizal and the other pathogenic. It is of further 
interest that the ectendomycorrhizal fungus Phialophora finlan- 
dia is able to form mycorrhizae in a range of hosts, including 
both conifers and hardwoods. These results with P. finlandia 
plus those from an earlier field test indicate that it has promise 
for use in sites with excessive acidity. In the earlier field test, it 
was found to promote the survival of red pine seedlings 
following transplantation from a nursery onto iron tailings of an 
abandoned iron mine (LoBuglio and Wilcox 1987). 

The relative tolerance of seedlings to pH 3.0 when associated 
with P. finlandia and P. dimorphospora cannot be explained. 
The development of mycorrhizae ordinarily requires active root 


Fics. 29-32. Colonizing behavior of C. geophilum in roots of 7-month-old B. alleghaniensis seedlings at pH 5.7. Fig. 29. Coarse colonizing 
hyphae (A) extending in strands along the surface of a main root. Note persistent root hairs (colorless). x30. Fig. 30. Mycorrhiza emerging from 
mother root. A dense black mantle has arisen from the sparse hyphal strands along the mother root. X30. Fig. 31. Transection showing isolated 
early intracellular invasion of an epidermal cell. X630. Fig. 32. Emerging ectomycorrhiza cleared to show extreme radial elongation of cortical 


cells. Each epidermal cell is surrounded by the Hartig net. 300. 
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FIG. 34. Seven-month-old seedlings of red spruce showing effects of pH and mycorrhizal fungi on growth. 


growth and the presence of unsuberized cortical tissues. The 
adverse effect of pH 3.0 on the growth of control roots and the 
lack of unsuberized root tissues would seem to explain the 
failures of mycorrhizal formation observed with C. pauci- 
sporum and C. geophilum, but why not with P. finlandia? It is 
not clear in what way P. finlandia enabled the seedlings to 
grow. 

The ability of seedlings to grow at pH 3.0 with the weak 
pathogen P. dimorphospora is similarly puzzling. Presumably 
invasion of the fungus is not dependent on root growth, but 
why does this invasion promote root growth? 

Answers to the above questions have considerable relevance 
to the adaptive responses of plants and fungi to stresses from 
high acidity. Because of difficulties in controlling pH and 
nutrient levels in flask cultures, we are now continuing our 
ongoing studies of pH effects on mycorrhizal development by 
resort to quartz sand media. 
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